Standard test procedures have been developed to assess the performance of stand-alone photovoltaic (PV) systems. This paper presents an overview of the procedures and results from the validation tests conducted at one European and three U.S. test sites. To date, most PV system performance test procedures have looked at the performance of the individual components and have not addressed how the integrated system works as a whole. The performance test procedures described in this paper verify that the system and load operate as expected, ensure that the PV array and system are capable of recharging the battery, determine the usable battery capacity (UBC), and determine if there is any significant change in the UBC measured three different times during the tests.
INTRODUCTION
The procedures [I] described in this paper establish the technical foundation needed to reduce uncertainty that a system's performance will be what its designers and builders claim. The need for these procedures was recently made more apparent with the initiation of a PV Global Approval Program at the international level. These procedures will serve as the basis for national and international stand-alone photovoltaic (SAPV) system test standards. The procedures consist of a short-term, about a l-month, test that can assess the performance of a SAPV system. The majority of PV systems being installed around the world are small lighting systems that consist of an array, lighting load, controller, and battery. These systems are essentially PV-powered battery chargers with a small load. The main focus of the procedures is to indicate how well the PV system can charge the battery.
This paper reports some of the results of Validation 3 completed in September 2000. Results from the previously conducted Validations 1 and 2, along with more comprehensive results from Validation 3, will be available in an upcoming NREL test report.
These procedures have been submitted to both IEEE SCC21 and IEC TC82 for use in developing standards. The IEEE SCC21 has initiated PI526 [I] and the IEC TC82 has initiated the Standard 62124, "Photovoltaic Stand-Alone Systems Design Qualification and Type Approval." In addition to outdoor testing, the IEC document addresses indoor testing. Figure 1 is a graphical representation of the battery voltage during the procedures. During the test period, the average battery temperature is held at 30" f 5 "C to better simulate a tropical climate where many SAPV systems are being installed.
OVERVIEW OF THE PROCEDURES
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UBCO -Initial Usable Battery Capacity Test
The UBCO test establishes a baseline battery capacity. With the load disconnected, the battery is charged up to regulation voltage (V,) by the array and held there for at least an accumulated 12 hours. Next, with the array disconnected, the battery is discharged by operating the load continuously until the system reaches low-voltage disconnect (LVD). UBCo will be used to determine if the battery capacity has changed significantly after running the entire test sequence, and to determine the hours of autonomy for the system.
FT -Functional Test
The FT is run for at least 7 days to determine if the system and load work properly under normal system operation. Initially the load is disconnected and the battery is charged up to Vr by the array and held there for at least 12 hours. The load is then set to operate 4 hours per night. For at least 2 consecutive days, the array should receive "low" solar insolation, 5 2 sun-hours (Sh) per day, to verify that the load can operate from the battery with minimal array contribution. For at least 2 (not necessarily consecutive) days, the array should receive "high" solar insolation, 1 5 Sh per day, to verify that the controller properly regulates the battery charge.
Some notes about sun-hours (Sh): Sh are used to simplify the explanation of Ah froduction of the array. One Sh is defined to be 1 kWh/m . The units of Sh are in hours. As an example, suppose the daily insolation is 5 kWh/m2 on an array with a rated current of 3 A. An estimate of the array's production would be 5 h x 3 A, or 15 Ah. In using Sh it is assumed that the array voltage is high enough to charge the battery. This is confirmed while conducting the procedures.
UBC, -Second Usable Battery Capacity Test
The second battery capacity test, UBCl, is conducted in the same way as UBCo. The purpose of UBCl is to determine if the battery capacity has changed significantly after the FT.
RT -Recovery Test
The purpose of the RT is to determine how many Sh are required for the array to charge the battery from LVD to Vr with the load enabled. After reaching LVD in the UBCl test, the system is set for normal operation with the load set to operate 4 hours per night. The system should operate until the battery reaches V, and then for at least another 3 days.
The Performance Chart, or P-Chart [2-41, in 
UBCZ -Final Usable Battery Capacity Test
The final battery capacity test, UBC2, is conducted in the same way as UBCO. The purpose of UBCZ is to determine if the battery capacity has changed significantly after running the entire test sequence and to determine the hours of autonomy for the system. If the load size or run time changes, knowing the UBC simplifies predicting the system's hours of autonomy.
THE SYSTEMS AND TEST SITES
The procedures were validated at three US. test sites using two PV lighting systems manufactured in the United States.
A lighting system manufactured in Europe was also validated at NREL and GENEC in France. Each test site received its own PV systems for validation. Data were gathered using computerized data acquisition systems.
Conducting the validation at various test sites gave us experience running the procedures under a variety of conditions. The following are some generalizations about the climates at the test sites. NREL is typically sunny, with a wide temperature range and low humidity. FSEC is typically hot, cloudy, and humid. SVVTDl is typically hot, sunny, and dry. GENEC, in southern France, is typically sunny, with a comfortable temperature range and moderately humid, 
RESULTS FROM THE VALIDATION TEST
System
The purpose of validating the procedures was to establish that the procedures could be carried out at all, and also to determine if the results obtained at different sites using similar systems would be similar. The battery used in System 2-1 was a VRLA gelled battery originally purchased with the system in early 1999. From the earlier validations, it was determined that the controller setpoints were better suited (i.e., higher) for charging a flooded lead-acid battery. Its UBC dropped drastically between Validation 1 (UBC was 76 Ah and rated capacity was 60 Ah) and Validation 3 due to it being constantly overcharged. We wanted to see how the system would perform with a battery that was known to be "bad."
From Table 1 , the final UBC values for both systems from Manufacturer 1 with "tested" batteries (7% difference between 1-1 and I-4), and also for the two with "new" batteries (1% between 1-2 and I-3), are quite close considering the measurements were carried out at different test sites. The same is true for the two systems from Manufacturer 2 with new batteries (7% between 2-2 and 2-3). The 20% difference in UBC values between the systems at NREL and GENEC is most likely attributed to inadequate information on how to properly condition the batteries prior to installation.
Ideally, a new lead-acid battery will exhibit a slight capacity increase during its first few cycles of use. This is observed in 3 out of 6 of the systems with new batteries. The rated battery capacity in the System column is higher than the UBC, as it is measured when the battery is discharged down to 10.5 V instead of to the LVD value. Table 2 lists the expected and measured daily Ah loads for the systems that were tested with the lamps set to run 4 hours per night. In all but one case, the measured load is lower than its calculated value. The "Sh to Vr" value indicates how many Sh are required to charge the battery from LVD up to Vr. This value is found during the RT by integrating the solar irradiance from the time the discharged battery begins charging until it reaches Vr. Knowing this value, we can calculate how many days of average solar insolation are required at a given location to recharge the discharged battery.
The "Sh / Day to meet Load" value is taken from the intersection of the lines on the P-Chart. The P-Chart data is taken from the FT and RT. This is the minimum number of Sh required for the array to recharge the battery each day after the load operated 4 hours. Knowing this value, we can determine if the array and system can replace the Ah lost each day to the load.
The calculated and measured array-to-load (A:L) ratios are listed, illustrating that although a system array may be expected to produce a certain number of Ah, the actual amount may be reduced due to weather patterns or the way the charge controller functions. The A:L ratio is the array Ah divided by the load Ah.
System Problems Encountered During Validation
The following are some of the system problems encountered during the validation . Systems 1-1, 1-2 Based on the findings of Validation 3, some changes will appear in the next revision of the procedures. The load run time may be specified by system designer instead of using the current 4-hour run time that "favors" systems with smaller loads. UBCl will be modified so that when the battery reaches Vr, the discharge will start immediately. This will quantify the UBC when the battery has only just reached V, instead of allowing the battery to charge after reaching Vr.
A number of questions were raised during Validation 3 that will need to be addressed: 1) How do we limit insolation when we are testing outdoors? 2) When is a battery (fully) charged? 3) What constitutes a "good" PV system? 4) Must a "good" PV system have an LVD?
Qualification Procedures for SAPV Systems IEEE 1526 [ I ] is being developed to provide performance procedures for SAPV systems. Following their development, SAPV system qualification procedures will be developed that will include the performance procedures with the addition of other component tests to indicate the longterm reliability of SAPV systems. Several steps need to be taken to determine what tests need to be included in the qualification procedures: 1) Identify failures in fielded small SAPV systems; 2) Identify mechanisms leading to observed failures; 3) Find accelerated conditions that duplicate failures in the field; 4) Establish tentative test level and compare to field results; 5) Modify procedures as needed.
CONCLUSION
Validating the procedures at the various test sites did demonstrate their value. The procedures did verify the systems and loads operated (or failed), but because they are of relatively short duration, they may not uncover unreliable components. Qualification procedures will be developed to address this problem. The performance procedures did measure the ability of the array and system to recharge the battery. The procedures did measure the system's UBC and how it changes over time. There was good measurement agreement between the UBC results measured at different labs on similar systems.
The performance procedures were found to provide valuable results, especially in terms of a system's design, although to gain widespread acceptance, future procedures will need to identify "good" and "bad" systems.
